Leukodystrophies and genetic leukoencephalopathies are a heterogeneous group of heritable disorders that affect the glial-axonal unit. As more patients with unsolved leukodystrophies and genetic leukoencephalopathies undergo next generation sequencing, causative mutations in genes leading to central hypomyelination are being identified. Two such individuals presented with arthrogryposis multiplex congenita, congenital hypomyelinating neuropathy, and central hypomyelination with early respiratory failure. Whole exome sequencing identified biallelic mutations in the CNTNAP1 gene: homozygous c.1163G>C (p.Arg388Pro) and compound heterozygous c.967T>C (p.Cys323Arg) and c.319C>T (p.Arg107*). Sural nerve and quadriceps muscle biopsies demonstrated progressive, severe onion bulb and axonal pathology. By ultrastructural evaluation, septate axoglial paranodal junctions were absent from nodes of Ranvier. Serial brain magnetic resonance images revealed hypomyelination, progressive atrophy, and reduced diffusion in the globus pallidus in both patients. These 2 families illustrate severe progressive peripheral demyelinating neuropathy due to the absence of septate paranodal junctions and central hypomyelination with neurodegeneration in CNTNAP1-associated arthrogryposis multiplex congenita.
Leukodystrophies and genetic leukoencephalopathies are a heterogeneous group of heritable disorders affecting the glial axonal unit in the nervous system, particularly the central nervous system white matter. 1, 2 Leukodystrophies affect approximately 1 in 7600 births 3 and historically about 50% of individual cases remain unsolved. 2 For individuals presenting with myelin abnormalities affecting the central nervous system, a number of disorders are not canonical leukodystrophies, including disorders of protein translation, cytoskeleton, and mitochondrial function. As a growing number of individuals with unsolved leukodystrophies undergo next generation sequencing, causative mutations in genes not previously associated with central hypomyelination are being identified. 4 A subset of heritable, severe, early onset myelin abnormalities affecting the peripheral nervous system are classified as congenital hypomyelinating neuropathies. These have previously been linked to defects in myelin related proteins 5 and proteins associated with Schwann cell-basement membrane interactions. 6, 7 Arthrogryposis multiplex congenita is a severe phenotype seen in some cases of congenital hypomyelinating neuropathy. Arthrogryposis multiplex congenita is variously reported as affecting from 1 in 3000 8 to 1 in 12 000 9 live births. A large proportion of reported arthrogryposis multiplex congenita cases never achieved a molecular diagnosis 10 or preceded the availability of genetic testing. [10] [11] [12] [13] [14] [15] [16] Here, we describe 2 individuals with mutations in the CNTNAP1 gene who were identified in a whole exome screen of individuals with unsolved leukodystrophies. 4 The CNTNAP1 gene encodes contactin-associated protein 1 (Caspr1). Caspr1 is a cell-adhesion protein tightly associated in cis with contactin in the paranodal axolemma; together they bind to the glial cell ligand, neurofascin 155 (NF155). 17 In both the central nervous system and peripheral nervous system, these 3 proteins form the septate-like paranodal junctions (aka transverse bands) between the axolemma and paranodal myelin sheath terminal loops. By separating the voltage-gated sodium channels from the delayed rectifier potassium channels in nodes of Ranvier and the juxtaparanodal region, respectively, this protein junctional complex plays a critical role in facilitating high-velocity nerve conduction and myelin homeostasis. Previously described families (n ¼ 9) with CNTNAP1 mutations (lethal congenital contracture syndrome 7-OMIM #616286) 10, [18] [19] [20] [21] were found to have congenital hypomyelinating neuropathy with disease onset before birth, contractures in distal joints, motor paralysis, hypotonia, and polyhydramnios; death occurred within a few months of birth unless artificial ventilation was performed. Serial brain magnetic resonance imaging (MRI) evaluations of the 2 new patients reported here confirm that the disease phenotype of CNTNAP1 mutations includes progressive leukodystrophy with brain volume loss. 18, 19 In addition, sural nerve and muscle biopsies in 1 of these individuals show dramatically progressive, sensorimotor neuropathy, and confirm the finding that CNTNAP1 mutations result in the absence of septate axoglial paranodal junctions.
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Methods
Patient Recruitment
Patients and their families were collected prospectively in the Myelin Disorders Bioregistry Project with approval from the institutional review board at Children's National Health System. Written informed consent was obtained for each study participant. Informed consent included consent for exome sequencing approaches and the risks and benefits were covered. Genomic DNA samples were collected from blood samples provided to the bioregistry.
Clinical Characterization
Patients were examined and characterized by AV. Clinically obtained MRIs were reviewed by MTW. All MRI exams were of diagnostic quality.
Skeletal Muscle and Peripheral Nerve Biopsies
Muscle biopsies were processed routinely for frozen and paraffin section light microscopic evaluation. This included standard histochemistry and enzyme histochemistry (hematoxylin-eosin stain, adenosine triphosphatase, reduced nicotinamide adenine dinucleotide, succinic dehydrogenase, and cytochrome oxidase [COX]) as well as immunoperoxidase staining of slow and fast myosin heavy chains. A small portion of muscle biopsy was also fixed in glutaraldehyde and processed into epon blocks for electron microscopy. Nerve biopsies were fixed in isosmolar glutaraldehyde and processed into epon blocks for electron microscopy. The control sural nerve used to demonstrate normal septate axoglial paranodal junctions in Figure 4C was surgically removed from a 45-year-old woman to relieve otherwise intractable pain secondary to a remote ankle fracture.
Exome Sequencing and Analysis
Whole exome sequencing was performed on all affected individuals and their parents. 10 Sequencing was performed at the Queensland Centre for Medical Genomics. Subsequent analysis and identification of candidate variants was performed with an in-house workflow incorporating the annotated variant data and pedigree information.
Results
Patient Identification
Within our bioregistry patient population, 2 patients were identified with similar clinical manifestations of congenital hypomyelinating neuropathy, early respiratory insufficiency, and arthrogryposis multiplex congenita. Both individuals were found to harbor potentially pathogenic variants in CNTNAP1 ( Figures 1A and 1B ) and were previously published as part of a larger cohort. 4 Parents, although obligate heterozygotes, were not assessed as part of this study. and c.319C>T (p.Arg107*) variants ( Figures 1A and 1B) . p.Arg388Pro and p.Cys323Arg are predicted as likely pathogenic [20] [21] [22] [23] by SIFT and PolyPhen and are both conserved in all vertebrates back to fish. p.Cys323Arg is responsible for forming a disulfide bond to C355. Both of these variants are in or near laminin-G like domains ( Figure 1B ), which are thought to play a role in interacting with receptors or ligands. 24 The c.319C>T (p.Arg107*) variant causing early termination is classified as pathogenic.
Sequencing Results
Clinical Characterizations
Individual LD_0158.0 is an 8 year old male with hypotonia and respiratory failure requiring intubation at birth and subsequent tracheotomy-dependency, congenital hypomyelinating neuropathy with arthrogryposis multiplex congenita, cleft palate, cortical vision loss, bilateral hearing loss, and neurogenic bladder. His birth history is significant for polyhydramnios. He had an older brother with a similar phenotype who died at 48 hours of age due to respiratory distress. Nerve conduction studies and electromyography (EMG) at 3 weeks of age showed prolongation of distal latencies and slow nerve conduction velocity (11.1 m/s at distal median) with decreased motor unit recruitment suggestive of a neurogenic disorder with features consistent with a demyelinating peripheral neuropathy. At age 8 years, he is maintained on artificial ventilation, with very limited developmental outcomes and no independent motor skills, hypotonia with hyporeflexia, and seizures controlled with topiramate. Assessment of cognitive developmental outcomes is limited by the severe motor disability seen in this individual. Individual LD_0333.0 was a girl with severe hypotonia and respiratory insufficiency that required a tracheostomy after birth, hypomyelinating neuropathy, bilateral hearing loss, bilateral optic nerve atrophy, lethargy, and neurogenic bladder. She died at 8 years 3 months of pulmonary complications. Her birth history is significant for polyhydramnios. She had a younger sister with the same features who died soon after birth, and 2 unaffected older brothers.
MRI Features
LD_0158.0. Brain MR performed at 4 days, 31 days, and 15 months demonstrated arrest of myelination, with most conspicuous hypomyelination at 15 months. The vermis was mildly hypoplastic. Brain volume evolved from normal to moderately decreased in the cerebrum and brainstem. Globi pallidi were initially abnormal in signal on T1WI and proton density images, and later demonstrated reduced diffusion at 15 months. Symmetric blunting of the limbus and shallow anterior segments were present in both ocular globes ( Figure 1C ).
LD_0333.0. Neonatal brain MR at 11 days showed mild cerebral white matter volume loss, mild vermian hypoplasia, and abnormal globi pallidi proton density and T2 FLAIR signal but age-appropriate myelination. However, arrested myelination was present by 6 months and hypomyelination persisted at 15 months. Cerebral brain volume loss progressed from mild to severe. Ultimately, marked brainstem and moderate cerebellar volume loss also developed. Reduced diffusion in the globi pallidi, subthalamic nuclei, red nuclei, and superior cerebellar peduncles and decussations developed and increased in degree from 6 to 15 months. Symmetric blunting of the limbus and shallow anterior segments were present in both ocular globes. Single voxel magnetic resonance spectroscopy performed over the left parietal corticomedullary junction revealed elevated glutamine/glutamate, and mildly increased lipids and possibly lactate ( Figure 1C ).
Pathology Results
Biopsy results were available for LD_0158. A right quadriceps biopsy at 1 month of age showed mild atrophy of scattered muscle fibers without evidence of inflammation, myonecrosis, regeneration, or structural abnormalities (Figure 2 ). The fiber type distribution appeared normal (Figure 2A) . A second muscle biopsy from the left quadriceps at 3.5 years demonstrated abnormal variation in fiber size with a marked type II fiber predominance and severe atrophy of type I fibers mimicking congenital myopathic disease ( Figures 2B, 2C, and 2D) .
His initial sural nerve biopsy (right sural) at 1 month of age showed a mildly reduced number of myelinated axons ( Figure 3A) . The myelinated axons present in the biopsy had a mild degree of abnormally thin myelin sheaths ( Figures 3D  and 3G ). In addition, there were small onion bulbs, redundant basement membranes wrapping around empty Schwann cells (bands of Bungner), and some axons with dystrophic features. A second sural nerve biopsy (left sural) at 3.5 years of age showed severe demyelination and axonal pathology. The predominant pathology was axonal loss ( Figure 3B ). The few remaining myelinated axons were present within onion bulbs ( Figure 3E ). Many bands of Bungner were present ( Figure 3H ). In combination with the muscle biopsy at 3.5 years, there was Delayed myelination was present at birth on T2-weighted images in LD_0158.0 (e), with inconspicuity of the normally visible hypointense posterior limb internal capsule (PLIC) signal, in contrast to the normal T2WI from LD_0333.0 (i; arrows ¼ PLIC). Delayed myelination was evident by 6 months in LD_0333.0 (k). Sagittal T1WI (a-c, l) and axial T2WI (f and k) show progressive brain atrophy in both CNTNAP1 patients. By 15 months, the cerebrum and brainstem showed marked volume loss with continued lack of myelination consistent with hypomyelination in LD_0333.0 (l). Both patients also developed reduced diffusion in the globi pallidi (d, g, h; large arrows). LD_0333.0 also had reduced diffusion in the superior cerebellar peduncles and decussations (g and h; small arrows), subthalamic nuclei, and red nuclei. Single voxel magnetic resonance spectroscopy (MRS) performed over the left parietal corticomedullary junction in LD_0333.0 (j) revealed elevated glutamine/glutamate, mildly increased lipids, and possibly lactate. MRS peaks correspond to Cr (creatine) ¼ 1, Glx (glutamine and glutamate) ¼ 2, MI (myoinositol) ¼ 3, Cho (choline) ¼ 4, Cr (creatine) ¼ 5, Glx (glutamine and glutamate) ¼ 6, NAA (N-acetylaspartate) ¼ 7, lipid þ lactate ¼ 8, lipid ¼ 9.
evidence of sensory and motor neuropathy. Intramuscular nerve twigs were significant for axonal loss, axonal dystrophic changes, and de/remyelination with advanced onion bulb formation ( Figures 3C, 3F , and 3I).
Schwann cell microvilli were sparse and blunted in each of the 3 nodes of Ranvier evaluated in longitudinal sections from the sural nerve biopsy at 3.5 years ( Figures 4A and 4B ). Abnormally broad Schwann cell processes formed the shoulders of each node. Terminal loops of myelin were easily identified in the paranodal regions. Many had uniform shapes, and adherens junctions 25 were observed between some of the adjacent terminal loops. In some heminodes, abnormally shaped terminal loops were present immediately adjacent to the nodal region ( Figure 4B ). Remarkably, no septate-like axoglial paranodal junctions (aka transverse bands) were observed ( Figure 4D ).
Discussion
Peripheral myelination does occur despite mutations in CNTNAP1 as demonstrated by published ultrastructural studies from the 32 and 36 gestational week sciatic nerves and the sural nerve biopsies in our patient at 1 month of age. Myelin also formed in mice with mutant CNTNAP1. 24, 26 Surprisingly, mutant mice had no discernable differences in sciatic nerve myelin thickness or axonal density, while all patients evaluated to date had early onset peripheral hypomyelinating neuropathy with thinning of the myelin sheath 10, 18, [20] [21] [22] (Figure 3) . Furthermore, the sensorimotor neuropathy in 1 of our patients progressed to near absence of myelinated axons and advanced onion bulb formation by 3.5 years of age.
Mutant mice lacking the Caspr/contactin complex do not have paranodal junctions. 24, 26, 27 Potassium channels mislocalize to the paranodal region in both central nervous system and peripheral nervous system and peripheral nerve conduction velocities are substantially reduced. Although Na þ and K þ channel localization could not be evaluated in the biopsy tissue from our CNTNAP1 patient, ultrastructural studies revealed nodal abnormalities strikingly similar to those of Caspr1 (NCP1) null mice 24 and shambler mice (shm) harboring homozygous CNTNAP1 truncation mutations. 18, 21, 26 Central nervous system myelin involvement is also present in individuals affected by CNTNAP1 mutations. Serial brain MRI evaluation of our patients demonstrated diffuse hypomyelination, progressive brain atrophy ranging from mild to severe, and reduced diffusion in globus pallidus with or without concurrent diffusion abnormalities in some white matter tracts of the brainstem and cerebellum. It should be noted that cerebellar atrophy has been reported in 3 different familes 18, 19 as well as in 2 different mouse mutants relevant to CNTNAP1, NCP1 -/-mice 28 and shm mice. 29 It is possible that this atrophy is a reflection of neuronal loss (cell bodies and axons) in addition to alterations in myelin sheaths centrally. Most previously described individuals with arthrogryposis multiplex congenita and CNTNAP1 mutations, died within the first few months of birth. 10, 18, 19 Not surprisingly in view of the clinical severity of these presentations and the limitations of detecting myelin development by MRI in the first months of life, there is a lack of data on their central nervous system myelin pathology. More recently, MRIs in 2 long-term surviving children suggested persistent lack of myelination 18 as seen in our affected individuals.
A second Caspr protein, Caspr2, functions to localize Kv1 potassium channels to the juxtaparanodal regions of the central nervous system and peripheral nervous system. Studies in mutant mice suggest that Caspr1 and Caspr2 are together critical for the proper localization of Kv1 channels. 30 A series of individuals with mild to moderate intellectual disability, seizures, hyporeflexia, and variable cortical dysplasia have been found to harbor biallelic CNTNAP2 mutations. [31] [32] [33] [34] [35] [36] [37] Individuals with the milder intellectual disability phenotype seen with CNTNAP2 mutations are also reported to have cerebellar atrophy and nonspecific multifocal T2 hyperintense white matter abnormalities. 37 It should be noted that although peripheral nerve pathology was not directly described in the milder intellectual disability phenotype seen with CNTNAP2 mutations, a large number of these patients are noted to have hyporeflexia suggestive of underlying peripheral nerve abnormalities. The absence of septate junctions resulting from CNTNAP1 mutations may also explain the seizure phenotype seen in the longest living of our patients, as well as other patients harboring a similar phenotype resulting from CNTNAP1 mutations. 21 The Caspr/contactin complex is necessary to maintain voltage gated potassium channels (VGKC) in the juxtaparanodal region. Mutations in VGKC subunits and antibodies against the VGKC are known to result in seizures. It should be noted that epilepsy is a well-recognized phenotype in CNTNAP2 mutations. 31, 35, 37 Recently, autoantibodies to Caspr2 were hypothesized to result in an autoimmune encephalitis with seizures. 38 Mutant mice lacking the Caspr/contactin complex do not have central or peripheral paranodal junctions, 24, 26, 27 and potassium channels mislocalize to the paranodal region in both locations. Although it is unknown at this point whether abnormalities would be seen in the human central nervous system, ultrastructural studies in 1 of our patients clearly demonstrated the absence of peripheral paranodal junctions as previously identified in individuals with CNTNAP1 mutations. 18, 21 Murine models strongly suggest that nodal abnormalities are likely to also be present throughout the nervous system in humans. This has been demonstrated in humans with biallelic mutations to GLDN, encoding Gliomedin. Mutations to GLDN lead to a similar clinical spectrum as mutations to CTNAP1; however, expression of Gliomedin is limited to the peripheral nervous system whereas Caspr1 is expressed both in the peripheral nervous system and central nervous system. These patients show similar nodal pathology to CNTNAP1 in the peripheral nervous system, providing evidence for a distinct disease group known as inherited nodopathies within the larger class of peripheral neuropathies. 39 Our report increases the number of individuals with congenital peripheral nerve hypomyelination/arthrogryposis multiplex congenita with CNTNAP1 mutations, confirming that a range of phenotypes can be associated with these mutations. It is likely that the presentations of arthrogryposis multiplex congenita/ hypomyelination and intellectual disability/epilepsy in individuals with CNTNAP1 mutations represents a spectrum of disease manifestations that are the result of altered glial-axonal interactions and nodal electrophysiologic abnormalities. In the past, pediatric neurodegenerative conditions have been classified based on affected cell type. Leukodystrophies are thought to represent glial specific pathology, exemplified by hypomyelinating conditions such as Pelizaeus Merzbacher disease, which is caused by mutations in the oligodendrocyte specific gene PLP1.
40 CNTNAP1 related disorders are neither a primary neuronal nor primary glial cell pathologic process, exemplifying the complex interactions between glial cells and neurons that may result in altered myelination and cellular electrophysiology. 
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